؉ T lymphocytes in persistently infected chimpanzees. Our previous studies demonstrated that many of the amino acid substitutions in HCV epitopes prevented T-cell receptor recognition or binding to class I major histocompatibility complex molecules. Here we report that mutations within HCV epitopes also cause their destruction by changing the pattern of proteasome digestion. This mechanism of immune evasion provides further evidence of the potency of CD8 ؉ T-cell selection pressure against HCV and should be considered when evaluating the significance of mutations in viral genomes from persistently infected chimpanzees and humans.
Hepatitis C virus (HCV) infection resolves spontaneously in some humans and chimpanzees, but most develop persistent viremia. CD8 ϩ T cells probably influence infection outcome because their expansion in blood and liver is kinetically associated with termination of viremia (4, 6, 18, 28, 29) and antibody-mediated depletion of this subset from immune chimpanzees prolongs virus replication (26) . Why the CD8 ϩ T-cell response fails in humans and chimpanzees that develop chronic infections is not fully understood. At least some CD8 ϩ T-cell populations display defects in perforin-mediated cytotoxicity or production of gamma interferon (IFN-␥) upon antigenic stimulation (1, 14, 32, 33) . It is unlikely that inadequate effector function alone accounts for evasion of this response. Persistence is probably also facilitated by mutation of the positive-stranded RNA genome of HCV. Approximately 10 12 new viral genomes are produced per day by a viral RNA polymerase that lacks a proofreading mechanism (19) , and there is compelling evidence that this leads to selection of HCV variants that escape humoral and cellular immune responses (8, 10, 11, 16) . Recent evidence that lack of CD4 ϩ T-cell help results in accumulation of escape mutations in multiple major histocompatibility complex (MHC) class I epitopes of HCV provides additional support for this mechanism of immune evasion (13) .
In a previous study of three persistently infected chimpanzees (CH-503, CBO603, and CBO609), we identified several intrahepatic HCV-specific CD8 ϩ T-cell populations that failed to recognize HCV because of escape mutations in the Patr (Pan troglodytes) class I-restricted epitopes that they targeted (10) . The mutations did not arise by chance, but instead arose by Darwinian selection pressure by the cytotoxic T lymphocytes (CTLs), because the ratio of nonsynonymous to synonymous nucleotide substitutions was significantly higher in Patr class I-restricted epitopes than in flanking regions or nonrestricted epitopes. Many of the amino acid substitutions in epitopes impaired either peptide binding to MHC class I molecules or T-cell receptor recognition (10) . In this follow-up study, we report that mutations within MHC class I epitopes can also facilitate their destruction by proteasomes and impair CD8 ϩ T-cell recognition of target cells.
MATERIALS AND METHODS

Animals.
Chimpanzees were enrolled in this study after 5 (CBO603, CBO609) or 7 (CH-503) years of persistent infection with the HCV-1/910 virus (10) and were housed at the New Iberia Research Center (NIRC), New Iberia, La., under a protocol approved by the NIRC Animal Care and Use Committee. MHC class I haplotypes of the animals used in this study are shown in Table 1 .
CTL lines. T cells recovered from liver homogenates with anti-CD8 paramagnetic beads were cloned by limiting dilution culture with 5 ϫ 10 4 irradiated human peripheral blood mononuclear cells (PBMCs) as feeder cells, 50 U of interleukin-2 (IL-2) per ml, and anti-CD3 monoclonal antibodies (MAbs) (10) . Panels of clones were screened for cytotoxicity against target cells infected with recombinant vaccinia viruses expressing different regions of the HCV-/910 polyprotein, and minimum epitopes were identified with synthetic overlapping peptides (10) .
Peptides. All peptides were produced by fMoc solid-phase chemistry with free amine NH 2 and free acid COOH termini. Two polypeptides spanning 30 amino acids (aa) of the HCV-1/910 NS4B protein containing either wild type (1712-SQHLPYIEQGMMLAEQFKQKALGLLQTASR-1741) or position 1 (P1) M1723L substitution mutant NS4B 1723 epitopes were also synthesized and purified by semipreparative reverse-phase high-performance liquid chromatography (RP-HPLC). The identity of the peptides was confirmed by matrix-assisted CH-503  A0401, A1401  B1601, B1701  CBO609  A0101, A0401  B0101, B1701  CBO603  A0101, A0901  B0101, B1602 a Pan troglodytes.
laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry as described below. Cloning and sequencing of HCV genomes. RNA was extracted from chimpanzee plasma (100 l) (RNAEasy; QIAGEN), and cDNA was reverse transcribed. cDNA was amplified with nested sets of PCR primers that flanked the class I MHC epitopes (10) . PCR products were subcloned by thymidine/adenosine (T/A) ligation into a DNA plasmid (Invitrogen), and multiple molecular clones were sequenced in both directions by dye terminator chemistry with an ABI 3100 automated DNA sequencer.
Proteasomes and peptide digestion. Human constitutive and immunoproteasomes purifed from LCL-721 and LCL-721.174 cells were purchased from Immatics Biotechnologies (Tubingen, Germany). Wild-type or mutant NS4B 1723 peptides (5 g) were incubated with 3 g of either proteasome in 150 l of digestion buffer (20 mM HEPES-KOH, pH 7.6, 2 mM Mg-acetate, 0.01% sodium dodecyl sulfate) for 16 h and then frozen at Ϫ20°C. Both peptides were also treated with digestion buffer alone as a control. Mock-and proteasome-digested peptides were then analyzed by mass spectrometry and tested for T-cell recognition.
MALDI-TOF mass spectrometry. MALDI-TOF analysis of mock and proteasome-digested NS4B peptides was performed on a Bruker Reflex III (Bruker, Breman, Germany) mass spectrometer operated in the reflectron, positive-ion mode with an N 2 laser. Laser power was used at the threshold level required to generate signal. Accelerating voltage was set to 28 kV. The instrument was calibrated with protein standards bracketing the molecular weights of the protein samples (typically mixtures of bradykinin fragments 1 to 5 and adrenocorticotropin fragments 18 to 39 as appropriate). Salt buffers from the protein samples were cleaned with ZipTips (Millipore, Bedford, Mass.) according to the manufacturer's directions. Cyano-4-hydroxy cinnamic acid was used as the matrix and prepared as a saturated solution in 50% acetylnitrile-0.1% trifluoroacetic acid (in water). Allotments of 1 l of matrix and 1 l of sample were thoroughly mixed together; 0.5 l of this was applied as spots to the target plate and dried.
Cytotoxicity assays. Autologous Epstein-Barr virus-transformed B-lymphoblastoid cell lines (BLCL), fibroblasts, or Patr class I-transfected 721.221 cells were used as targets. Targets (T) were labeled with 51 Cr and various concentrations of peptide epitopes, washed, and incubated with effector (E) CTL lines at various E:T ratios for 4 h. Supernatants (50 l) were harvested into Packard Lumaplates, and radioactivity was counted with a Wallac Microbeta 1420 scintillation instrument. In some experiments, we determined the stability of the peptide-target cell binding by pulsing Patr class I-transfected target cells with a 10 M concentration of the peptide epitopes for 1 h before washing and further culture in RPMI-1640 medium supplemented with 10% fetal calf serum (R-10) for periods up to 96 h. Targets were then 51 Cr labeled and tested for lysis by CTL lines.
Intracellular cytokine staining. Mock-or proteasome-digested NS4B peptides were incubated with the Patr-A0101-transfected targets for 1 h, washed once, and incubated with a NS4B 1723 -specific CTL line in the presence of brefeldin A (5 g/ml) for 16 h. After fixation, cells were permeabilized and intracellular cytokine staining was performed with a phycoerythrin (PE)-conjugated anti-IFN-␥ MAb. PE-conjugated rat immunoglobulin G1 (IgG1) MAb served as a control. Stained cells were analyzed with a BD FacsCalibur instrument.
HCV plasmids and T7-driven gene expression in target cells. In some experiments, HCV genes were expressed transiently in chimpanzee fibroblast target cells by an infection/transfection procedure described elsewhere (9) . The pTM1(C-E2) plasmid expressing the HCV-1 core, E1, and E2 structural proteins (aa 1 to 746) and the pTM1(NS2-5) plasmid expressing all nonstructural proteins (aa 1027 to 3033), including NS4, were kind gifts from the Chiron Corporation. They were derived from the consensus sequence of the HCV-1/910 genotype 1A virus used to infect the animals. A bacterial T7 promoter regulates transcription of HCV genes in these plasmids. Site-directed mutagenesis (QuikChange; Stratagene, La Jolla, Calif.) was used to introduce the core and NS4 mutations into these plasmids. Plasmid pTM1(C-E2/136L) is a product of mutagenesis at nucleotide 750 of the prototype HCV-1 core coding region (A 750 3T) that converts 137I (ATA) into 137L (TTA). Plasmid pTM1(NS2-5/1723L) involved mutagenesis of the NS4 coding region (A 5508 3C) to convert 1723M (ATG) to 1723L (CTG). A change at the same nucleotide position converted 1723M (ATG) to 1723V (GTG) to generate plasmid pTMI(NS2-5/1723V). Expression of wild-type and mutated genes was accomplished by infection of 3 ϫ 10 5 primary chimpanzee fibroblasts with recombinant vaccinia virus expressing bacterial T7 RNA polymerase (VVT7) at a multiplicity of infection (MOI) of 10 for 1 h. After washing, the cells were transfected with 1.5 g of the plasmids described above for 3 h, washed, and cultured with Dulbecco's modified Eagle's medium (with 20% fetal bovine serum) for 16 h before 51 Cr labeling.
RESULTS AND DISCUSSION
Mutations in class I MHC-restricted HCV epitopes. HCVspecific CTL lines for targeting were derived from the liver of two chimpanzees after 5 (CBO609) or 7 (CH-503) years of persistent infection. The CTL line from the liver of CH-503 efficiently killed target cells expressing the HCV core protein (data not shown) and was found to target a Patr-B1601-restricted epitope spanning aa 131 to 139 (ADLMGYIPL; designated C 131 ) (Fig. 1A) . CTL lines from the liver of CBO609 targeted an epitope in NS4B that was mapped to aa 1723 to 1731 (MLAEQFKQK; designated NS4B 1723 ) and presented by the Patr-A*0101 class I molecule. PCR-mediated amplification and sequencing of the HCV quasispecies from the plasma of persistently infected animals revealed a Patr allele-specific pattern of nonsynonymous mutation in these epitopes. For instance, an isoleucine (I137)-to-leucine (L) substitution (I137L) at P7 of the C 131 epitope was embedded in the quasispecies master copy of CH-503 but not the Patr-B1601-negative ani- mal, CBO609 (Fig. 2, top panel) . Similarly, sequences of multiple molecular clones generated from plasma of two Patr-A0101-positive chimpanzees after 5 years of chronic infection revealed a mutation at P1 of the NS4B 1723 epitope in CBO609 (M1723L) and CBO603 (M1723V) (Fig. 2, lower panel) . In contrast, the NS4B epitope was intact after several years of persistent virus replication in CH-503, an animal that lacks expression of Patr-A0101. T-cell recognition of wild-type and mutated peptides. The presence of mutations localized to restricted but not unrestricted HCV epitopes was consistent with our earlier findings in these animals and suggested that they were selected to circumvent CTL recognition (10) . To assess whether the mutations impaired epitope recognition by CD8 ϩ T cells, we compared killing of target cells loaded with synthetic nonameric peptides representing the wild-type and mutant sequences. Target cells sensitized with various concentrations of the wildtype C 131 peptide were killed in a dose-dependent manner by the core-specific CTL line from CH-503 (Fig. 3A) . Unexpectedly, however, target cells sensitized with variant with an I137L substitution were recognized with equal efficiency (Fig. 3A) . Similar observations were made with the NS4B 1723 P1 substitution peptides. The M1723L and M1723V mutations observed in viruses from chimpanzees CBO609 and CBO603 FIG. 2 . Mutations in the core and NS4B proteins of HCV quasispecies from chronically infected animals. HCV RNA was isolated from plasma collected 7 (CH-503) or 5 (CBO609 and CBO603) years after infection with HCV-1/910. cDNA was prepared, and nested PCR primers were used to amplify viral sequences from the core and NS4B genes. PCR products were ligated into plasmids, and multiple molecular clones were sequenced. The C 131 and NS4B 1723 epitopes are boxed. ϩive, positive;-ive, negative. also did not reduce cytolysis when compared with the wild-type NS4B 1723 epitope (Fig. 3B) . These results indicated that the mutations in core and NS4B epitopes had no effect on T-cell receptor recognition of the altered epitopes. We could not exclude the possibility that these amino acid substitutions resulted in reduced stability of peptide-Patr class I complexes that might not be revealed in a short-term cytotoxicity assay. Patr-B1601-transfected target cells were therefore sensitized with the HCV core C 131 and I137L substitution peptides for 1 h and then washed three times to remove unbound peptide. After 1, 16, 48, and 96 h of culture, the target cells were labeled with 51 Cr tested for lysis by the core-specific CTL line. As shown in Fig. 3C , the peptide-Patr class I complex was remarkably stable because killing of target cells sensitized with the wild-type and variant C 131 peptides was not reduced even after 4 days of culture. Identical results were obtained for NS4B 1723 epitopes with the M1723L and M1723V substitutions (Fig. 3D) . Taken together, these results demonstrated that mutations localized to the C 131 and NS4B 1723 epitopes affected neither TCR recognition nor MHC class I binding.
T-cell recognition of targets expressing mutated HCV proteins. Mutations within epitopes or flanking sequences can also alter class I MHC processing of epitopes. These changes would not necessarily be detected with synthetic peptides, so we assessed CTL killing of target cells that expressed mutated HCV core or NS4B proteins. Fibroblast cell lines from chimpanzees CH-503 and CBO609 were infected with VVT7 and then transfected with plasmids expressing structural or nonstructural HCV proteins regulated by the T7 promoter. Plasmid pTMI (C-E2wt) contained the wild-type HCV-1 core, E1, and E2 genes. Site-directed mutagenesis was used to introduce the I137L substitution into the core gene of this plasmid [designated pTMI (C-E2/L137)]. Importantly, both plasmids also expressed the same control Patr-A0401-restricted epitope (designated E2 588 ; KHPDATYSR) (17) located in E2. An E2 588 -specific CTL line derived from chimpanzee CH-503 killed fibroblasts transiently transfected with the TMI(C-E2wt) or pTMI(C-E2/137L) plasmids with equivalent efficiency (Fig. 4A) . This indicated that expression of the structural proteins was not altered by introduction of the core I137L mutation. As expected, the C 131 -specific CTL line also efficiently lysed the pTMI(C-E2wt)-transfected fibroblasts expressing the wild-type epitope (Fig. 4B) . In contrast, lysis of targets expressing the core protein with the I137L substitution was reduced by about 75% (Fig. 4B) , indicating that the antigen processing apparatus of the cell impaired presentation of the mutated C 131 epitope.
Similar results were obtained for the NS4B proteins with M1723L and M1723V substitutions. A plasmid expressing the wild-type NS4B protein [pTMI(NS2-5wt)] was mutated to incorporate the M1723L or M1723V substitutions fixed at P1 of the NS4B 1723 epitope [plasmids designated pTMI(NS2-5/L1723) and pTMI(NS2-5/V1723, respectively]. A CTL line 
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on December 20, 2017 by guest http://jvi.asm.org/ specific for a control Patr-B1701-restricted NS4 epitope (NS4 1939 ; DAAARVTAIL) (10) that was intact in both plasmids was used to confirm equivalent presentation of the wild-type and mutated NS4B genes (Fig. 4C) . The NS4B 1723 -specific CTL line also efficiently killed target cells expressing the wild-type NS4B (1723M) protein (Fig. 4b) . However, killing was reproducibly reduced by 40 to 50% by introduction of the M1723L and M1723V mutations into NS4B (Fig. 4D) . Thus, processing of the core and NS4B proteins through the class I MHC pathway revealed an inhibitory effect of mutations on CTL lysis that was not evident when cells were sensitized with synthetic peptides. Proteasome processing of wild-type and mutated HCV epitopes. Mutation of HCV epitopes could cause a block at multiple points within the antigen processing pathway. These include efficient digestion of proteins into epitopic peptides by the proteasome or other proteases associated with the antigen processing pathway and transport of the peptides between the cytosolic and endoplasmic reticulum (ER) compartments. We favored a role for destruction of the mutated epitopes by proteasomes because a predictive algorithm (PAProC) (21) indicated the potential for new cleavage sites within the mutated C 131 and NS4B 1723 epitopes. The I137L substitution in the C 131 epitope was predicted to result in a unique cut between amino acids P6 (Y136) and P7 (L137) by the constitutive proteasome (12, 20) . Similarly, the M1723L and M1723V changes introduced two potential cleavage sites after amino acids P1 and P2 of the mutated but not wild-type NS4B 1723 epitopes.
To test this prediction, we used MALDI-TOF mass spectrometry to identify NH 2 -terminal peptide fragments generated by proteasome digestion of synthetic polypeptides containing the NS4B 1723 wild-type or M1723L substitution epitopes. Proteasome processing of polypeptides that are wild-type or with the M1723L substitution generated a partially overlapping set of peptide fragments that had NH 2 -terminal serine (S1712) residues but variable COOH termini (Fig. 5A ). An 11-aa fragment spanning residues S1712 to M1722 was found after digestion of both the wild-type and mutant polypeptides. Proteasome cleavage therefore occurred immediately before the P1 amino acid of the wild-type (M1723) and mutant (L1723) epitopes to create a correct NH 2 terminus. However, this cut immediately before the P1 amino acid was clearly favored for the wild-type polypeptide, as the S1712-M1722 fragment represented approximately 67% of all NH 2 -terminal peptides gen- erated by proteasome digestion (as measured by relative absorbance intensity). In contrast, S1712-M1722 represented only 12% of all peptides generated by digestion of the mutant polypeptide. Instead the mutant polypeptide was fragmented predominantly by cuts after amino acids Q1720, G1721, M1722, and L1723. The latter two represent cleavage within the epitope after the P1 and P2 residues and were not found after proteasome treatment of the wild-type polypeptide. Relative absorbance intensity as determined by MALDI-TOF mass spectrometry provides an imperfect measure of true peptide abundance, and thus it is difficult to accurately rank each fragment or cut site generated by the proteasome. Nevertheless, the sharp decline in the relative abundance of fragment S1712-M1722 after digestion of the mutant versus wild-type polypeptide and the appearance of fragments corresponding to cuts after the P1 and P2 residues support the notion that mutation of this epitope altered proteasome digestion patterns within HCV-infected cells.
It is important to emphasize the fibroblast target cells expressing the mutated form of the epitope were partially lysed by cytotoxic T cells (Fig. 4D) . Indeed, detection of the minor peptide corresponding to amino acids S1712 to M1722 does suggest that an epitope with a functional (L1723) NH 2 terminus was generated, albeit inefficiently, despite the mutation. Two minor peptide fragments generated by cuts after Q1720 or G1721 might also lead to generation of a functional epitope after trimming of these NH 2 -terminal amino acids by the ER peptidase (25, 36) . Identical results were obtained with immunoproteasomes that are formed in response to IFN-␥ and display a discrete but partially overlapping amino acid cleavage pattern when compared with constitutive proteasomes (3, 30) .
To evaluate the functional significance of these changed digestion patterns, wild-type and mutated polypeptides were treated for 0, 4, 8, or 16 h with constitutive or immunoproteasomes. Processed peptides were then used to sensitize 51 Crlabeled target cells, and lysis by the NS4B 1723 -specific T-cell line was compared. As shown in Fig. 5B , treatment of the wild-type peptide with either proteasome resulted in a timedependent increase in target cell lysis when compared with mock-digested peptide. In contrast the M1723L variant peptide showed a modest though significant decrease in activity that was apparent after 4 h of treatment with either proteasome (Fig. 5B) . To confirm these trends, the substrate polypeptides were incubated with the immunoproteasome for 16 h and various concentrations of the product were titrated on target cells. Target cell lysis was enhanced three-to fourfold at all three concentrations (20, 10, and 5 M) of wild-type peptide (Fig. 5C ). In contrast, we observed a dose-dependent reduction in killing of targets with the processed M1723L variant. Indeed, at the 5 M dose, killing was reduced about 3.4-fold compared to that with mock-digested peptide (Fig.  5C ). These results were recapitulated by intracellular cytokine (IFN-␥) production by the CD8 ϩ T-cell line as an endpoint (Fig. 5D) . Enhanced IFN-␥ production was observed when NS4B 1723 -specific CD8 ϩ T cells were stimulated with immunoproteasome-processed wild-type peptide, and the frequency of responders was reduced with the processed NS4B 1723 M1723L substitution peptide (Fig. 5D) .
The potential of virus-specific CD8 ϩ T cells to select for variant epitopes that are poorly processed in infected cells was predicted by several observations. For instance, whether viral and tumor epitopes are efficiently released by proteasome digestion of protein substrate is influenced by flanking amino acids, particularly those near the COOH terminus (2, 22, 27, 34) . Proof that this has practical consequences for virus persistence was only recently revealed in studies of human immunodeficiency virus (HIV) infection. Appearance of mutations immediately adjacent to HIV and HCV epitopes was associated with impaired CD8 ϩ T-lymphocyte recognition of target cells 7, 24) . Processing mutations are not localized exclusively to flanking regions, as they also appear within viral epitopes, apparently as a result of CD8 ϩ T-cell selection pressure. In a murine influenza virus infection model, mutation of a dominant epitope prevented cytolysis of virus infected cells, even though a synthetic peptide representing the escape variant sensitized target cells for recognition by CD8 ϩ T cells (23) . This mechanism of immune evasion is also operational in HIV infections, where amino acid substitutions within epitopes subverted recognition of target cells producing the mutated proteins (35) . Our study extends this observation to HCV infection. More importantly, it establishes a unique correlation between recognition of target cells expressing wild-type or mutated HCV proteins and in vitro patterns of proteasome-mediated digestion. It is likely that these patterns of digestion obtained with proteasomes purified from B lymphocytes will be recapitulated with proteasomes from hepatocytes, although this remains to be formally demonstrated. While our results indicate that the proteasome was clearly involved in destruction of the NS4B epitopes with P1 substitution (M1723L or M1723V) in two persistent infections, it is possible that mutations inhibiting additional functions of the antigen processing pathway, including other necessary proteases or those that impair transport of mutated peptides between cellular compartments by molecules like the transporter associated with antigen presentation (TAP), are also operational for other HCV epitopes.
Finally mutations in MHC class I-restricted epitopes of HCV have also been found in persistently infected humans (5, 15, 31) . At least some of them did not impair CD8 ϩ T-cell recognition of peptide-loaded target cells, so their potential impact on immune escape and persistence was not established (5) . Findings from this study suggest that these virus variants may nonetheless be the product of CD8 ϩ T-cell selection pressure and could influence the outcome of HCV infection in humans.
